biological nitrogen fixation, a process sensitive to oxygen. The filamentous cyanobacterium Anabaena sp. strain PCC 7120 responds to deprivation of combined nitrogen by differentiating specialized cells called heterocysts at regular intervals along its filaments. In these cells the enzyme nitrogenase is produced and nitrogen fixation takes place. Unlike adjacent vegetative cells which carry out oxygenic photosynthesis, the heterocysts are modified to maintain a low internal 02 concentration. During heterocyst development, a new cell envelope consisting of inner glycolipid and outer polysaccharide layers is synthesized, thus limiting the diffusion of 02 into the cell (28) . The photosynthetic membranes of heterocysts are reorganized to contain only photosystem I, thereby eliminating 02 evolution. The nitrogen fixed in the heterocysts is exported to the vegetative cells in the form of glutamine, while the vegetative cells provide the heterocysts with carbohydrates that yield reductant for nitrogenase (24, 38) .
This compartmentalization of functions results from differential gene expression which, at least in some cases, is regulated at the transcriptional level. Using promoter fusions to luciferase, Elhai and Wolk demonstrated that the genes for the large and small subunits of ribulose-1,5-bisphosphate carboxylase, an enzyme whose activity is present only in vegetative cells, are transcribed only in vegetative cells, while the nifHDK genes coding for the subunits of nitrogenase are transcribed only in heterocysts (10) .
One strategy commonly employed by eubacteria to regulate the temporal and spatial expression of discrete sets of genes is the modification of RNA polymerase by alternative forms of the sigma subunit, thereby coupling transcriptional specificity to particular physiological conditions. Alternative sigma subunits play important roles in differentiation in Streptomyces coelicolor (8) , Bacillus subtilis (25) , and Myxococcus xanthus (1) , as well as in regulating the expression of heat shock proteins in Escherichia coli (15) and the expression of flagellar and chemotaxis genes in E. coli and B. subtilis (16) and in the response to nitrogen (18) and carbon starvation (23) in Salmonella typhimurium and E. coli, respectively. As part of ongoing studies on the molecular basis for differential gene expression during heterocyst differentiation, we sought to determine whether multiple RNA polymerase sigma factors are present in Anabaena sp. strain PCC 7120. We previously isolated the sigA gene, which encodes the principal vegetative cell sigma factor, and have shown that the polypeptide which it encodes is homologous to the principal sigma factors of E. coli and B. subtilis (3) . Recently, a number of approaches based on the fact that sigma factors constitute a protein family have been used to isolate homologous genes. Tanaka et al. (35) used an oligonucleotide based on a sequence of 10 amino acids that is completely conserved in the principal sigma factors of E. coli and B. subtilis to demonstrate that Streptomyces coelicolor has four homologs of this factor. Also, by using homology to the M. xanthus sigA gene, Apelian and Inouye isolated sigB, which is involved in myxospore differentiation (1) . In sp. strain PCC 7120 was maintained in BGll medium (29) .
Solid medium contained 1% purified agar (BBL). When required, streptomycin and spectinomycin were present at concentrations of 2 ,ug/ml. To prepare medium for selection against sacB-containing strains, filter-sterilized sucrose was added to autoclaved BG11 medium to a final concentration of 5%. E. coli strains were grown in L broth (22) . Ampicillin (100 ,ug/ml), spectinomycin (25 ,ug/ml), chloramphenicol (10 ,ug/ml), and kanamycin (50 ,ug/ml) were used, where appropriate, for the selection and maintenance of plasmids. Anabaena sp. strain PCC 7120 was subjected to heat shock, osmotic shock (60 mM sucrose), and salinity stress (60 mM NaCl) as previously described (2) . Cold shock involved exposure to 10°C for 30 min, while oxidative stress involved exposure to 120 ,uM H202 for 30 min. Molecular biological techniques. For general molecular biological techniques we used standard procedures (22) . Southern and Northern hybridizations were performed as previously described (3) . When the oligonucleotide was used as a probe, the hybridization and washing temperature was 45°C. All other hybridizations and washes were performed at 65°C. In Northern hybridizations, the sigB probe consisted of a 400-bp NheI-HindIII fragment internal to the coding sequence, while the sigC probe was a 600-bp EcoRV fragment internal to the coding sequence.
Nucleotide sequences were determined by the dideoxynucleotide chain termination method of Sanger et al. (30) , using Sequenase reagents (U.S. Biochemical Corp., Cleveland, Ohio) and double-stranded plasmid templates prepared as described by Kraft et al. (19) . The deletions used in sequencing the coding strand of sigB and flanking regions were generated by partial exonuclease III digestion of pBH500, using an Erase-a-base kit purchased from Promega, Madison, Wis. The sequence of the noncoding strand of sigB was determined by using oligonucleotide primers and pBH500 as the template. The deletions used in sequencing sigC were generated as described above from pBH700 (noncoding strand) and pBH720 (coding strand). Sequence analysis and alignment were performed as described previously (3) .
To determine the 5' ends of the sigB and sigC transcripts, primer extension analyses were carried out as described previously (3) . For sigB, 100 ,ug of RNA prepared from nitrogen-replete or nitrogen-starved cultures (12 h postinduction) or 100 jig of yeast tRNA was used in each reaction.
The oligonucleotide used was 5'-CTTGGGATGTIGAATT AGGC-3', which is complementary to nucleotides 539 to 558 (see Fig. 3 ). A sequence ladder generated by using the same primer on pBH500 was coelectrophoresed. For sigC, 50 p,g of RNA prepared from nitrogen-replete or nitrogen-starved cultures (18 h postinduction) or 50 p,g of yeast tRNA was used. The oligonucleotide was 5'-GTCTCT'ATGGCTCCAG GTAA-3', which is complementary to nucleotides -7 to -26 (see Fig. 4 ). pBH720 was used as the template in the generation of the sequencing ladder.
Isolation of the Anabaena sp. strain PCC 7120 sigB gene. TheAnabaena sp. strain PCC 7120 sigB gene was isolated by screening a size-directed EcoRI library of Anabaena DNA by colony hybridization (22) , using as a probe oligonucleotide 5'-ACITAIGCIACITGGTGGATIIGICAIGC-3', which is the complement of the rpoD oligonucleotide described by Tanaka et al. (35) . A 40-,ug portion of total Anabaena sp. strain PCC 7120 DNA was digested to completion with EcoRI and separated by electrophoresis on a 0.7% agarose gel. The fragments migrating to the area between the 4.3-and 4.8-kb X BstEII markers were excised, purified from the agarose by adsorption to glass beads (Gene-Clean; Bio 101, ANABAENA SIGMA FACTOR HOMOLOGS 7275 La Jolla, Calif.), and ligated into the EcoRI site of pUC18. The ligation mixture was used to transform E. coli DH5a. Approximately 400 ampicillin-resistant colonies were screened by colony hybridization, using end-labelled oligonucleotide as the probe. Two hybridizing colonies were chosen for further analysis. The plasmids from these two colonies both contained a 4.7-kb EcoRI fragment that hybridized with the oligonucleotide probe. One of these plasmids, pBH500, was chosen for all further work.
Isolation of sigC. The Anabaena sp. strain PCC 7120 sigC gene was isolated by screening a cosmid library (consisting of Anabaena sp. strain PCC 7120 DNA partially digested with Cpfl and cloned into the BglII site of cosmid vector pWB79) by colony hybridization, using as the probe a 740-bp AccI-EcoRI fragment of the Anabaena sp. strain PCC 7120 sigA gene (3) . This resulted in the isolation of a number of reactive clones, one of which, pCPF3, contained a 3.4-kb HincII fragment that hybridized with the probe. The 3.4-kb HincII fragment of pCPF3 was ligated into the HincII site of pUC19 to yield pBH700. pBH720, containing the insertion in the orientation opposite the orientation in pBH700, was generated by cutting pBH700 with HincHI, religating, and screening by restriction enzyme digestion.
Disruption of sigB and sigC. Anabaena sp. strain DR1, in which the genomic sigB gene is interrupted by a spectinomycin-streptomycin resistance cassette, was constructed as described below. The 2-kb spectinomycin-streptomycin resistance cassette of pDW9 (13) was excised with HincII and ligated into the end-repaired NheI site of pBH500 to yield pBH501. pBH502 was constructed by ligating the 6.7-kb EcoRI fragment of pBH501 into the EcoRI site of pBR322. The 6.7-kb EcoRI fragment from pBH502 was end repaired and ligated into the NruI site of pRL271 (6) to yield pBH503. pBH503 was used to transform E. coli HB101(pRL528) (9) for conjugation into Anabaena sp. strain PCC 7120. For triparental matings we used standard procedures (9) .
Similar methods were used to construct Anabaena sp. strain C9, in which the genomic sigC gene is interrupted by a spectinomycin-streptomycin resistance cassette. pBH701, in which the 2-kb spectinomycin-streptomycin resistance cassette replaces a 600-bp EcoRV internal fragment of sigC, was constructed by cutting pBH700 with EcoRV, isolating the large fragment, and ligating into it the spectinomycinstreptomycin resistance cassette from pDW9 cut with HincII. The 4.8-kb HincII fragment of pBH701 was then ligated into the NruI site of pRL271 to yield pBH702, which was used to transform E. coli MC1061(pRL528) for conjugation into Anabaena sp. strain PCC 7120.
Exconjugants were selected by plating the mating mixture onto BG11 plates containing 2 Fg of spectinomycin per ml and 2 ,g of streptomycin per ml. Single recombinant colonies in which all of pBH503 or all of pBH702 had integrated into the chromosomal copy of sigB or sigC, respectively, appeared within 10 to 14 days. Double recombinants were selected as described previously (6) on BGll plates containing 5% sucrose, 2 ,g of spectinomycin per ml, and 2 ,ug of streptomycin per ml. Presumptive single and double recombinants were screened by Southern hybridization to confirm the expected restriction pattern that was indicative of two copies of sigB or sigC (one interrupted) and plasmid sequences in the single recombinant or one copy of the interrupted sigB or sigC gene in the double recombinants (data not shown).
Nucleotide sequence accession numbers. The DNA sequences reported in this paper are available from GenBank under accession numbers M95760 (sigB) and M95759 (sigC).
RESULTS
Isolation of the sigB and sigC genes. The complement of the "rpoD" box oligonucleotide corresponding to a conserved sequence found in the principal sigma factors of a number of organisms (35) was used to probe HindIlI and EcoRI chromosomal digests of Anabaena sp. strain PCC 7120 DNA. Two very strongly hybridizing bands and two or three weaker ones are evident in each digest (Fig. 1) . One of the strongly hybridizing bands in each digest, the 15-kb HindIII fragment and the 2.5-kb EcoRI fragment, corresponded to the previously characterized Anabaena sp. strain PCC 7120 sigA gene (3) . The strongly hybridizing 4.6-kb EcoRI fragment was cloned into the EcoRI site of pUC18 to yield pBH500. The open reading frame (ORF) encoded by the hybridizing region (see below) was designated sigB.
To kcal/mol (ca. -9.75 x 104 J/mol) resembling a rho-independent terminator (Fig. 4) . The polypeptides predicted by the sigB and sigC ORFs are similar to each other and to the Anabaena sp. strain PCC 7120 SigA protein, the principal sigma factor (Fig. 5) (14, 17) . Below the alignment is the sequence of the 10 completely conserved amino acids that was used to design the oligonucleotide probe. (B) Sequence of the oligonucleotide probe which is the complement of the rpoD oligonucleotide described by Tanaka et al. (35) . (C) Southern analysis.
SigC are more similar to one another than they are to SigA; they are 80% identical in region 2, 36% identical in region 3, and 44% identical in region 4. SigC is more similar to SigA than SigB is, exhibiting 69% identity to SigA in region 2, 40% identity in region 3, and 48% identity in region 4. SigB exhibits 71% identity to SigA in region 2, 28% identity in region 3, and 39% identity in region 4. SigA and SigC are more similar in region 1. Unlike SigA (3) and SigC (Fig. 4) , SigB lacks a stretch of acidic amino acids at its N terminus (Fig. 3) . The deduced SigB and SigC polypeptides have calculated net charges of +7 and +3, respectively, and thus are unlike SigA, which has a net charge of -6. SigB contains a relatively high proportion of glutamines (11%).
Expression of sigB and sigC. To determine whether sigB and sigC are expressed and whether this expression is subject to regulation by combined nitrogen, Northern blots were made in which restriction fragments internal to the sigB and sigC genes were used to probe total Anabaena sp. strain J. BACTERIOL. (14, 17) . Below this line is the restriction fragment used as the probe, aligned with respect to the region which it encompasses. The asterisk indicates the position of the 3.4-kb HincII fragment encoding sigC.
M-
PCC 7120 RNA prepared from cells grown under nitrogenreplete conditions and from cells harvested at various times following combined nitrogen deprivation. Neither the sigB message nor the sigC message is detectable under conditions of combined nitrogen sufficiency (Fig. 6) . However, both sigB and sigC are expressed following the removal of combined nitrogen. A message hybridizing to the sigB probe is first detectable at 6 h, increases in abundance at 12 and 18 h, and then disappears. The hybridizing RNA appears reproducibly as a smear, suggesting that the message is unstable. The 1.4-and 1.7-kb transcripts hybridizing to sigC are first detectable at 6 h following combined nitrogen stepdown. From Primer extension experiments were carried out to determine the 5' ends of the sigB and sigC transcripts. We were unable to detect a primer extension product for sigB. This could have been due to several possibilities. Because sigB is preceded by another ORF, it is possible that it is transcribed as part of an operon with the transcriptional start site lying far upstream of the sigB translational start. It is also possible that a product was not detected because of the low level and apparent instability of the sigB message.
For sigC, one major 5' end was detected at position -328 in RNA prepared from cells that had been starved for combined nitrogen but not in RNA from cells that had been grown in the presence of ammonia (Fig. 7) . This finding is consistent with the results of the Northern experiments (Fig.  6) . The predicted size of a message beginning at position -328 and ending at the last T of the inverted repeat is 1,665 nucleotides, which is consistent with the observed 1.7-kb message. We also detected much less abundant RNAs with 5' ends at positions -186 and -206, which were present only in cells starved for combined nitrogen (data not shown) and may represent the 5' ends of the observed less abundant 1.4-kb message. The putative -10 and -35 regions preceding the position -328 start site do not resemble the regions of promoter sequences recognized byAnabaena sp. strain PCC 7120 vegetative cell RNA polymerase (31), nor do they exhibit similarity to sequences preceding the start sites of several Anabaena sp. strain PCC 7120 nitrogen-regulated genes that are expressed relatively late in the differentiation process (26) . sigC is first expressed within 6 h of combined nitrogen stepdown, and at present its start site is the only one that has been determined for an early nitrogen-regulated gene.
Insertional inactivation of sigB and sigC. To understand their possible function in transcriptional regulation in Anabaena sp. strain PCC 7120, the sigB and sigC genes were inactivated in vivo by inserting a spectinomycin-streptomycin resistance cassette in the coding sequence of each gene ( Fig. 3 and 4) . Double recombinants in which the wild-type (6) . Both Anabaena sp. strain DR1, in which sigB protein family, sharing at least two, and in some cases four, is inactivated, and strain C9, in which sigC is interrupted, regions of similarity (14, 17) . Using an approach based on are viable, indicating that neither sigB nor SmgC i s an this similarity, we have isolated two genes, sigB and sigC, essential gene. Furthermore, the sigB and sigC mutants were from the cyanobacteriumAnabaena sp. strain PCC 7120 that not impaired in heterocyst differentiation or in growth in exhibit high degrees of homology to sigma factors. sigB was liquid medium under nitrogen-limiting conditions. On solid isolated by using an oligonucleotide probe complementary to media lacking combined nitrogen, however, there were the rpoD oligonucleotide described by Tanaka et al. (35) , subtle differences in colony morphology. Strain DR1 formed which is based on a 10-amino-acid stretch that is completely colonies that were more diffuse than those of the wild type, conserved between the principal sigma factors of E. coli and while strain C9 formed slightly smaller colonies than the wild B. subtilis. This oligonucleotide has been used to detect type. diverse bacterial species (35) , including the unicellular cyaAnabaena sp. strain PCC 7120 genome, suggesting the nobacterium Synechococcus sp. strain PCC 7942 (34) . sigC presence of more sigma-like genes. was identified by using a fragment of the Anabaena sigA SigB and SigC exhibit higher degrees of similarity to the gene encoding the principal vegetative cell sigma factor as Anabaena sp. strain PCC 7120 SigA protein, to other printhe probe (3) . The use of the sigA gene as a probe also cipal sigma factors, and to the principal sigma-like proteins revealed that a number of other homologous regions, in HrdA, HrdC, HrdD of Streptomyces coelicolor (36) and addition to those attributed to sigB and sigC, exist in the KatF of E. coli (27) (5, 36) . Although hrdD is transcribed, it cannot compensate for mutations in the gene for the principal sigma factor, hrdB, suggesting that it is not functionally redundant (5) . At least one of these principal sigma-like genes is functional. In E. coli, katF is required for the expression of genes that are induced during stationary phase and carbon starvation (21, 23, 27) . It is possible that sigB and sigC, as well as hrdA, hrdC, and hrdD, are required for growth or survival under conditions that have not been investigated yet.
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